Previous work has shown that the sharp fall in winter rainfall over coastal southwestern Australia in the 1970s was mainly due to a fall in the frequency of fronts; the gradual reduction in rainfall since the late 1990s was due to a reduction in the number of light-rain days; and the increased inland summer rainfall in the 1970s was due to an increased number of easterly troughs. The current paper extends this earlier work by identifying the rainfall patterns in the region in 14 CMIP5 models for the period 1980-2005 and by calculating how these patterns are projected to change in the twenty-first century. The patterns are identified using k-means clustering of the rainfall, which are validated against observed rainfall clusters. Although the agreement between the models and the observation is generally good, the models underestimate the frequency of raining fronts. In both representative concentration pathway 4.5 and 8.5 (RCP4.5 and RCP8.5) scenarios the number of dry days increases significantly at the expense of light-rain days and frontal rainfall. However, these trends are twice as large in the RCP8.5 scenario as in the RCP4.5 scenario. The reduction in the rainfall from the historical period to the second half of the twenty-first century is produced mainly by a reduction in both the frequency and intensity of light rain and a reduction in the frequency of fronts in the westerlies.
Introduction
In the mid-1970s winter coastal rainfall in southwestern Australia (SWA) sharply fell (Nicholls et al. 1997; Hope et al. 2006) , followed by a more gradual decline from the late 1990s onward. Summer rainfall, however, increased over the inland region of SWA in the mid1970s (Fierro and Leslie 2013) , although it too gradually declined after about 2000. The reduction in winter rainfall along the coast in the mid-1970s was linked to the poleward shift in the subtropical jet (Frederiksen and Frederiksen 2007) , and Raut et al. (2014) showed that both the winter reduction along the coast and the increase in summer rainfall inland are associated with the positive phase of the southern annular mode (SAM). Moreover, they found that the earlier reduction in winter rainfall was due to fewer strong fronts, while the reduction in the late 1990s was due to an increase in dry days at the expense of light-rain days. They also found that the increase in summer rainfall was associated with more frequent and more intense easterly dips, which was possibly associated with the increase in the number of intense tropical cyclones in northwestern Australia (Nicholls et al. 1998; Kuleshov et al. 2008) .
The future projections of rainfall from models of phase 5 of the Coupled Model Intercomparison Project (CMIP5) show that rainfall over the SWA will continue to decrease. In particular, many studies show a strong decrease in winter and spring rainfall in the projections, with these trends increasing with increasing greenhouse gases concentration (e.g., Pitman and Perkins 2008; Hope et al. 2015) . Over SWA the CMIP5 models reproduce well the observed annual cycle of sea level pressure (SLP) (Hope et al. 2015) , the spatial rainfall patterns (Irving et al. 2012) , the seasonal cycle of rainfall (Moise et al. 2015) , and the trends in the hemispheric circulation associated with these rainfall patterns (Frederiksen and Grainger 2015) . However, a critical validation of the regional projections of rainfall is necessary given the incomplete description of the relevant physical processes in the CMIP5 models (Risbey and O'Kane 2011) . Raut et al. (2014) showed that rainfall clustering is a useful method to identify the distinct synoptic patterns responsible for rainfall in SWA and to diagnose how changes in the rainfall are related to changes in the intensity and frequency of these synoptic patterns. The central aim of the present paper is to apply the clustering method to 14 CMIP5 models over the historical period and for representative concentration pathway 4.5 and 8.5 (RCP4.5 and RCP8.5) scenarios to understand how these synoptic patterns and the associated rainfall may change over the next century. We will also compare the key characteristics of regional rainfall patterns from models and observations in the CMIP5 historical runs. Nevertheless, this comparison is not a comprehensive verification of regional rainfall from the coupled general circulation models (GCM).
Data and methods

a. CMIP5 and ERA-I data
Rainfall observations for the period 1980-2005 are obtained from the Australian Water Availability Project (Raupach et al. 2009; Jones et al. 2009 ) in the form of daily gridded files. The CMIP5 (Taylor et al. 2012 ) data for 14 models for the historical period and RCP4.5 and RCP8.5 projections are used. All the rainfall data are interpolated from their native resolution to a common grid with a 0.58 spacing (Table 1) 
b. Clustering on rainfall
In this study we separated rain days for the cluster analysis, and the dry days were termed as the ''zeroth'' cluster. A rain day is one for which the daily mean rainfall, over land area in SWA, exceeds the median for the historical period in the observations or the model. As the median rainfall varies from model to model, the threshold for a rain day varies from model to model too (see Table 1 for medians). Defining a rain day this way ensures that, in the historical period, the number of rain days in each model is the same as in the observations. One consequence of this choice is that the socalled dry days in the models include many days with drizzle because of their well-documented tendency to produce too much light rain (Sun et al. 2006; Stephens et al. 2010) .
The k-means algorithm of Anderberg (1973) is used to cluster rainy days in the historical period from observations and the CMIP5 models. In accordance with Raut et al. (2014) , we used five clusters, as they represent major rain producing systems in the region, such as westerly fronts, easterly troughs, and cutoff lows. The model clusters are assumed to have a one-to-one correspondence with the observed clusters, and the Hungarian method (Hornik 2005 ) is used to assign model clusters to the observations by minimizing the Euclidean distance between the cluster centroids. This method is found to work well except for clusters 3 and 5 for three models (ACCESS1.3, CanESM2, and CSIRO Mk3.0). Because of the similarity in the rainfall patterns and the poor simulations of strong fronts in these models, we swapped clusters 3 and 5 subjectively to put more coastaligned rainfall in cluster 3 and the far inland pattern in cluster 5. Future rain days from the CMIP5 projections are assigned to the historical clusters by calculating their Euclidean distances to the historical centroids. The historical median daily rainfall is again used to define a rain day so that changes in the frequency of rain days will be reflected in the change in the frequency of the clusters. In this way, the cluster frequencies and their trends from each model are comparable to each other in historical and future periods. Of course, to be useful, the model must reasonably simulate the observed rainfall patterns and should have a nonzero median rainfall.
c. Trends and decomposition of change
Linear decadal trends are computed for the rainfall and cluster frequencies, and their significance is tested with the Mann-Kendall p value (McLeod 2011). These trends are considered significant only at a 1% (p value , 0.01) level or better.
As in Raut et al. (2014) , the change in rainfall of the ith cluster DR i is attributed to a change in the intensity DP i and change in frequency DN i of the cluster through the equation
where N i and P i are the frequency and intensity of the ith cluster, respectively. The total rainfall change from all the clusters (k) can then be written as
The first and the second terms in Eq. (1) describe the change in rainfall due to intensity and frequency, respectively. The third term represents the second-order changes in rainfall resulting from the combination of changing intensity and frequency. This term was found to be negligible in all models when compared to the first two terms.
Results and discussion
a. Rainfall patterns and seasonality
The five clusters for the observed and CMIP5 rainfall in the historical period are shown in Fig. 1 with their composite SLP patterns shown in Fig. 2 . The models reproduce the coastal and inland rainfall patterns with varying degrees of skill.
Physically, cluster 1 describes light rainfall produced in the midlatitude westerlies. It is the most frequent pattern of rainfall, occurring around one-third of the time in the ERA-I and the models. Cluster 2 describes the rainfall associated with the passage of a front or trough in the westerlies. The rainfall in this cluster is mostly confined to the coast. All but two models (ACCESS1.3 and INM-CM4.0) reproduce the correct pattern of SLP associated with this rainfall pattern.
Heavy rainfall associated with a strong front and cutoff low is represented by cluster 3 in the observations. However, the models' versions of this pattern show the most variation of the five clusters, making it difficult to assign to it a single synoptic type. For this reason, the cluster is called here the ''assorted troughs.'' In contrast to observations, this pattern of rainfall is populated by cutoff lows (e.g., IPSL-CM5B) and troughs (e.g., CanESM2) in the easterlies in all the models except CMCC-CMS. This is consistent with a shift in the centers of the heavy precipitation to the southern coast and farther inland than observed. Moreover, in models where the maximum of rainfall in cluster 3 is nearer to the west coast (e.g., CMCC-CMS), the westerly trough is visible. A cutoff low is present in the models where the rainfall maximum is stretched inland toward the southeast (e.g., HadGEM2). As mentioned in section 2b, ACCESS1.3, CanESM2, and CSIRO Mk3.0 have the largest discrepancies from the observed cluster 3 in Euclidean space.
Clusters 4 and 5 describe inland rainfall associated with troughs in the easterlies. The heavier rainfall in cluster 5 is mostly associated with a deeper trough. The rainfall and SLP associated with the clusters is well represented by the models, although many models overestimate the frequency of cluster 4. Note that, although in the models, cluster 3 is also associated with an easterly trough, clusters 4 and 5 are synoptically different from cluster 3 because of the location of rainfall and the weak westerly trough to the south instead of a ridge. This also indicates the presence of cutoff lows in the cluster 3.
The monthly frequency and intensity of each cluster in the historical period are shown in Fig. 3 . In clusters 1, 2, and 4 (the light rain, westerly front, and easterly trough clusters, respectively) the progression of the model mean follows that of the observations reasonably well. However, fronts are underestimated throughout MayOctober. The model frequencies that agree least well with observations are those of clusters 3 and 5 (assorted troughs and strong easterly trough cluster, respectively), which are also the least frequent clusters. In the case of the frequency of cluster 3 in winter, observations lie well above the interquartile range of the models, which presumably reflects the fact that cluster 3 is dominated by westerly fronts, easterly troughs, or cutoff lows, depending on the model. The frequency of cluster 3 is well simulated for the transition period (February-April) when cutoff lows are dominant over the region (Pook et al. 2012 ).
b. Overall trends in future rainfall
The seasonal trends in the rainfall for the multimodel mean and each individual model are listed in Table 1 . The linear rainfall trends in the ensemble mean in all seasons are negative, and their magnitudes are about twice that in the RCP8.5 scenario compared with RCP4.5. There is no significant trend in the ensemble mean in DJF in either scenario, while in MAM the trend becomes significant at the 1% level in RCP8.5. The strongest trends in the ensemble mean are in JJA (22.2 and 25.7 mm day 21 ), followed by SON (20.89 and 22.1 mm day 21 ), which are both significant to 0.01% in both scenarios. The trends in the ensemble means are more significant than those for the individual models as a result of decreased variability in the time series of the ensemble mean. The rainfall trend is negative in all models in JJA and SON for both the RCP4.5 and RCP8.5 scenarios. For RCP4.5, 6 of the 14 models have significant trends in JJA, whereas only 2 models have significant trends in SON. On the other hand, for RCP8.5, 13 and 10 models have significant trends in JJA and SON, respectively. In DJF and MAM, however, the sign of the trend is mixed, with no model having a significant trend for RCP4.5 and only two models having significant trends in both seasons for RCP8.5.
c. Trends in the rainfall patterns
Notwithstanding the discrepancies between the observations and the models in the least frequent clusters, overall the model clusters agree reasonably well with the observed clusters and can be used to identify distinct synoptic patterns associated with rainfall in the region. The trends in the cluster frequency for the historical and projection periods are shown in Fig. 4 . As expected the RCP4.5 and RCP8.5 scenarios follow the same path in the early part of the twenty-first century but diverge in the latter half of the century. For example, taken over the whole projection period, the trends in RCP8.5 are more than double for clusters 0, 1, and 2. The trends in the historical runs are not significant because of a shorter period.
In the projections, dry days increase significantly in both scenarios with up to two-thirds of the increase in dry days compensated by the reduction in light-rain days (cluster 1). In RCP4.5, 1.7 dry days are added every decade, although the trend flattens in the latter half of the century. In RCP8.5, the increase in dry days continues at the rate of 4 days decade
21
, from approximately 180 days yr 21 currently to 220 days yr 21 by the end of the century. Around a quarter of the increase in dry days comes from a decrease in the frequency of westerly fronts (cluster 2). A reduction of close to 1 front every decade in RCP8.5 and half that in RCP4.5 are projected. By the end of the century, the annual frequency of westerly fronts in the models falls from 20 to 16 and 11 in RCP4.5 and RCP8.5, respectively, although it should be noted that the models underestimate the frequency of the westerly fronts. The reduction in easterly troughs (cluster 4) is significant in both the scenarios, although for strong troughs (cluster 5) only the negative trend in the RCP8.5 scenario is significant. Note that strong troughs only occur in summer, and models are unable to produce the annual cycle of this cluster.
d. Decomposition of the rainfall changes
This section investigates the contribution from each cluster to SWA rainfall changes. To do so, the change in the annual cluster rainfall from the historical period to the second half of the twenty-first century is decomposed into the change resulting from changes in intensity and that resulting from changes in the frequency of each cluster (Fig. 5) . The reduction in light rain (cluster 1) is large in both scenarios, with all the models agreeing on the sign of the intensity and frequency changes. The total change in light rainfall arises from both a reduction in frequency and intensity. However, when the intensity of the light rain falls to below the threshold value (the median in the historical period), it is classified as a dry day. In most models the reductions due to intensity and frequency are almost doubled in the RCP8.5 compared with RCP4.5.
The reduction in rainfall from the westerly fronts (cluster 2) is mostly due to a reduction in its frequency. There is a slight increase in the intensity of the rainfall associated with westerly fronts, although this is offset by even larger changes in rainfall resulting from decreases in their frequency. The increase in intensity is largest in MIROC5.
The changes in the rainfall due to the intensity of easterly troughs (cluster 4) and strong easterly troughs (cluster 5) are small, with no consistent sign from model to model. Likewise, for the rainfall changes associated with assorted troughs (cluster 3), the changes due to frequency and intensity do not show clear or consistent trends. This could be a result of the presence of various weather systems in the cluster.
Conclusions
Rainfall clusters and their associated synoptic patterns for regional rainfall over SWA (in a 78 3 108 domain) from 14 CMIP5 models were calculated and compared against the analogous rainfall clusters and synoptic patterns from observation. Rainfall clustering has been shown to be a useful method to: (i) identify the distinct synoptic patterns responsible for rainfall in SWA, and (ii) diagnose how projected changes in the rainfall are related to changes in the intensity and frequency of these synoptic patterns. We found that all the significant rainfall trends over the region are sensitive to the greenhouse gas emissions scenario. The key conclusions of the study are summarized below:
d Despite the relatively coarse resolution (1.18-2.88) and the limitations of GCMs in representing regional processes, the CMIP5 models reproduce the observed coastal and inland rainfall patterns over SWA. The models also reproduce the associated pressure patterns and the seasonal cycle for each cluster. An exception is cluster 3, which has diverse weather systems in the models. d The projected drying is due mainly to a decrease in frequency and intensity of light-rain days and fewer occurrences of westerly fronts, the effect of which is more pronounced in RCP8.5 than RCP4.5 scenarios.
d The frequency of easterly troughs is likely to reduce at 0.25 decade 21 in RCP8.5 as opposed to positive trends in the historical period.
Like Polade et al. (2014) , the present study finds that the frequency of dry days increases significantly. The dry days are associated with a more persistent subtropical ridge over the region, which is consistent with an expansion of the Hadley cell (Seidel et al. 2008; Choi et al. 2014; Schwendike et al. 2015) . Raut et al. (2014) found that in the past the wintertime rainfall over SWA decreased because of a decreased frequency in fronts and showed that this is consistent with a positive trend in the SAM (implying a poleward shift in the storm track). This trend in SAM is projected to continue under the RCP8.5 scenario (Gillett and Fyfe 2013; Frederiksen and Grainger 2015) and the rainfall changes found in the present study are consistent with the projected trend in SAM. thank the climate modeling groups for producing and making available their model output. For CMIP the U.S. Department of Energy's Program for Climate Model Diagnosis and Intercomparison provides coordinating support and led development of software infrastructure in partnership with the Global Organization for Earth System Science Portals. Lam Hoang is thanked for collecting CMIP5 data. We are grateful to James Risbey and an anonymous reviewer for their insightful comments that helped improve the manuscript.
